Summary.-Rats were given a single dose of dimethylnitrosamine (DMN, 20 mg/kg body weight) alone or 42 or 60 hours after a non-lethal hepatotoxic dose of carbon tetrachloride (CC14) and killed 12 months later. DMN alone produced no tumours in the kidney and a few in the liver, but when given 42 hours after CC14, tumours formed in the kidneys and the number in the liver was increased. When given after 60 hours, the incidence of kidney tumours was less but that of liver tumours was further increased. A larger dose of DMN (40 mg/kg) was tolerated 42 hours after CC14 and enhanced the number of kidney and liver tumours, the latter apparently due to an increased proportion of cholangiomata. Numerous small focal proliferations of atypical liver cells and of bile duct epithelium were observed after treatment with DMN. The incidence of these lesions in the different experimental treatments varied in a similar manner to the liver tumours.
MANY nitroso compounds are acutely toxic and potently carcinogenic for many organs and tissues (Magee and Barnes, 1967) . Dimethylnitrosamine (DMN) produced haemorrhagic necrosis in the liver, haemorrhagic lesions in the lung, haemorrhagic ascites and pleural effusions in a number of animal species (Barnes and Magee, 1954) . On prolonged feeding to animals, it produced tumours of the liver, kidneys and other organs (Magee and Barnes, 1962) .
The toxic effects were reduced in animals given a protein-free diet (McLean and Verschuuren, 1969) or treated by other means that reduced the formation of microsomal enzymes concerned in the metabolism of DMN (Venkatesan, Arcos and Argus, 1968; Venkatesan, Argus and Arcos, 1970; Fiume et al., 1970; Schmahl et al., 1971; Magour and Nievel, 1971; Swann and McLean, 1971; Mirvish and Sidransky, 1971; Somogyi et al., 1972; Pound, Horn and Lawson, 1973) . On the other hand, a protein-free diet increased the susceptibility of animals to the carcinogenic action of DMN for the kidneys but not apparently for the liver (McLean and .
The hypothesis that proliferating cells are more susceptible to the action of a variety of chemical carcinogens, was based on the correlation of the numnber of tumours initiated by urethane in proliferating epidermis with the number of cells in DNA synthesis, and was supported by an increased number of tumours of the liver in mice given urethane or dimethylbenzanthracene after partial hepatectomy (Pound, 1968) . A similar increase after partial hepatectomy has been reported in mice given urethane (Chernozemski and Warwick, 1970) and in rats given DMN (Craddock, 1971) , and related to the period of DNA synthesis.
The possibility was raised that the tumour yield in the liver would be increased if DMN were given in the period of regeneration that followed a necrotizing dose of a hepatotoxin that itself was not carcinogenic. Carbon tetrachloride (CC14) produced centrilobular coagulative necrosis in the liver followed by regeneration (Cameron and Karunaratne, 1936; Hoffman et al., 1955) . DNA synthesis in the remaining liver commenced within 15 hours, followed after a short interval by active mitosis (Leevy et al., 1959) . The carcinogenicity of CC14 for mice is manifested only in certain susceptible strains after prolonged and frequent dosage, and in rats even this weak carcinogenic action is controversial (Clayson, 1962) .
This paper records the occurrence of tumours of the liver and kidney induced in rats by a single dose of DMN given a short interval after a single necrosisproducing dose of CC14. Experimental.-Rats were treated with CC14 (2.5 ml/kg). Group 1, 60 rats, received no further treatment. Group 2, 32 rats, were given DMN (20 mg/kg) 42 hours after the dose of CC14, and Group 3, 35 rats, received DMN (20 mg/kg) 60 hours after the CC14. As control groups, 33 rats were set aside with no treatment. Two groups of 18 rats were given CC14 (2-5 ml/kg) followed by DMN (40 mg/kg) 42 and 60 hours later respectively. All rats in the latter group died within 6 days. Thirty-three rats that had no treatment but which were kept for the same time as the experimental animals constituted controls in which no lesions were found.
MATERIALS AND METHODS

Animals
by invasion of the adjacent liver tissue (Fig. 1, 2) . The cells forming these tumours differed in some features from normal liver cells. A common type consisted of large cells with pale staining vacuolated cytoplasm (Fig. 1) ; another type consisted of deeper staining rather less differentiated cells (Fig. 2 ) but there were variations of all types between these. The tumours varied from 5 mm to 3 cm in diameter. In no rat with these tumours was a metastatic deposit seen.
Cholangiomata were typical tumours composed of proliferating cells with the recognizable morphological characteristics of bile duct cells, well differentiated into gland-like spaces between a small amount of connective tissue stroma. These tumours varied from 3 to 10 mm in diameter. No metastatic deposits were seen. Cysts were usually unilocular and lined by epithelium resembling that in the bile ducts.
On microscopic scanning of liver sections, localized collections of liver cells from 03 to 2-0 mm diameter were observed scattered randomly through the tissue. The cytology of the cells forming these lesions differed from normal. The common type was composed of pale cells with finely vacuolated cytoplasm (Fig. 3, 4) that resembled the cells in the common type of tumour (Fig. 1) (Fig. 3, 4) . Usually there was no evidence of invasive growth. The larger of these lesions (e.g. Fig. 4 ) resembled small hepatocellular tumours. In Table I they are classified as " focal proliferations ". Smaller and less clearly defined groups of similar cells were also frequent, probably of the same nature, and classified as " small focal proliferations ".
A further small group of lesions was also seen in the liver. These consisted of small groups of irregularly proliferated bile ducts (Fig. 6) . 
Lesions in the kidneys
The kidney tumours were similar to those reported by other workers after administration of DMN and were classified as either " adenocarcinomata " or nephroblastoma " (Magee and Barnes, 1962) . However, some of the tumours in the first category appeared to be of a mixed type (Riopelle and Jasmin, 1969; Hard and Butler, 1970) . Distribution of lesions in the liver land kidneys
The numbers of lesions in the liver and kidneys 12 months after treatment with DMN are set out in Table I Table II. DMN alone did not produce any kidney tumours in 27 surviving rats, but a small number of tumours and other lesions were found in the liver. When the DMN was given 42 hours after CC14 there was a significant yield of kidney tumours. The small increase in number of hepatocellular tumours is not significant but there is an increase in the number of focal proliferations. When DMN was given 60 hours after CC14 the number of kidney tumours was less than in the 42-hour group, but the yield of all types of lesion in the liver was increased.
When DMN (40 mg/kg) was given 42 hours after CC14 the yield of kidney tumours was much greater than with the dose of 20 mg/kg. The yield of hepatocellular tumours was not increased although the yield of focal proliferations was greater. On the other hand, the yield of cholangiomata and related types of duct lesions was increased.
There appears to be a correlation between the number of hepatocellular tumours with the number of ' focal proliferations ". A similar relationship appears to be likely between the incidence of cholangiomata and the " duct proliferations ".
DISCUSSION
After a dose of 2-5 ml/kg of CC14 the level of DMN-demethylase activity in the liver, upon which the production of the active intermediate responsible for the cytotoxic effects of DMN appears to depend, was greatly reduced for a period lasting between 42 and 72 hours, but the activity of this enzyme in the kidney was not changed (Pound et al., 1973) . The toxic effects of DMN were reduced during this period and began to return to normal levels after 60 hours.
The tumour-enhancing effect of CC14 on the kidneys may therefore be explained as a dose effect, that is, the diminished rate of metabolism of DMN 42 hours after CC14 ensured that more DMN was available to the kidneys and for a longer time so that more tumours were produced. After an interval of 60 hours, when the (Riopelle and Jasmin, 1963) . Rats fed a protein-free diet which lowered the rate of metabolism of DMN (Swann and McLean, 1971) can be given a single large dose of DMN with a large increase in the tumour yield (McLean and Hard and Butler, 1970) . A similar increase of kidney tumours was obtained when a large dose of DMN (40 mg/kg) was possible under the protecting influence of CC14 given 42 hours earlier.
The situation regarding the liver is more complicated. This dose of CC14 (2.5 ml/kg) produced necrosis involving the inner one-third of the liver lobules, followed after a period of 24 hours by a phase of active DNA synthesis which reached a peak at 42 hours and a second peak at 60 hours. Mitotic activity was at a maximum at about 48 hours (Pound et al., 1973) . Thus the DMN was given at times of maximum DNA synthesis. Although the diminished rate of metabolism of DMN at 42 hours would impose a similar dose effect on the liver as on the kidney, in the liver (unlike in the kidney) the DMN-demethylase level was depressed. There is therefore an ambiguity that makes it difficult to correlate the tumour yields with any particular phase of cell replication. Nonetheless, the results are consistent with the view that DMN is a more effective carcinogen when reacting with cells synthesizing DNA than with cells during mitosis, because the tumour yield was increased at the 42-hour interval before the peak of mitotic activity, at a stage when DMN Groups of cells with different morphology from the surrounding liver cells have been described in rats given a course of diethylnitrosamine (DEN) over some days, soon after the treatment and long before tumours appeared (Gossner and FriedrichFreksa, 1964; Friedrich-Freksa, Gossner and Borner, 1969) . These cells differed in enzyme constitution from normal liver cells and resembled those in the hepatocellular tumours found in animals that had the same treatment. This supported their thesis that tumours arise in or from these lesions. It was also found that the number of these lesions was increased when DEN was given after partial hepatectomy (Scherer and Hoffman, 1971 ). The descriptions and the illustrations of these lesions suggest that they are of the same nature as the focal proliferations in the present work.
